This paper is concerned with an algorithm for generating the inhomogeneous random rough surface (RRS) that can simulate the physical environments such as desert, vegetable field, sea surface and others, better than the homogeneous RRS. First, we discuss the statistics for twodimensional (2D) RRSs with arbitrary types of spectra. Second, we review the essence of the convolution method which is flexible and effective for generation of various kinds of RRSs. Finally, we propose an algorithm for inhomogeneous RRS generation by modifying the convolution method. Numerical examples are also given for some inhomogeneous RRSs.
INTRODUCTION
Recently, a rapid progress has been made in the area of wireless sensor networks to gather physical data and to control natural environments. Sensors are usually distributed randomly on terrestrial surfaces such as deserts, vegetable fields, sea surfaces and others, which are considered to be RRSs. As a result, studies on propagation characteristics along RRSs are strongly required. In the past, however, most of the investigations were focused on electromagnetic wave scattering by RRSs from the viewpoint of radar and remote sensing technologies [1, 2, 3, 4, 5, 6 ].
An empirical formula was proposed by Hata [7] to estimate propagation loss in urban areas for cellular communications, but it seems difficult to apply it straightforwardly to wireless sensor networks. In the last five years, we have investigated propagation characteristics of electromagnetic waves traveling along RRSs with uniform statistical parameters such as spectrum, standard deviation of height and correlation length [8, 9, 10, 11, 12] . In real situations, however, these parameters are not uniform and they vary from place to place [13] . Thus it is necessary to estimate the propagation characteristics along inhomogeneous RRSs from the viewpoint of wireless channel modeling corresponding to the physical layer of the OSI model.
We can simulate electromagnetic wave propagation along an inhomogeneous RRS by assuming that it is composed of several homogeneous RRSs. In this context, the first step to wireless channel modeling is to numerically generate inhomogeneous RRSs. So far the direct DFT method has been utilized as a numerical generation tool for homogeneous RRSs with arbitrary spectrum and statistical parameters. Disadvantage of the method, however, is its inflexibility and it cannot be applied to more realistic inhomogeneous RRSs.
Recently, we have proposed the convolution method for generating homogeneous RRSs by modifying the direct DFT method [10] . One of the advantages of the convolution method is that we can simulate arbitrarily long or wide RRSs by successive computations. The other is its flexibility and feasibility resulting in generation of inhomogeneous RRSs in a very simple fashion. We propose here an algorithm for generating 2D inhomogeneous RRSs based on the convolution method.
In this paper, we first describe statistics of RRSs and show three types of spectral density functions, that is, Gaussian, N-th order of Power-Law and Exponential spectra. Second, we review the algorithm of the direct DFT method, and we discuss the convolution method by modifying the direct DFT method. Finally, based on the convolution method, we propose an algorithm to generate inhomogeneous RRSs. Numerical calculations are also carried out for some inhomogeneous RRSs.
HOMOGENEOUS RRS GENERATION 2.1 Spectral density function
The spectral density function W(K) of 2D RRS is defined by using height function f(r) = f(x, y) as follows: (1) and (2) where <> indicates the ensemble average and h is a standard deviation of height. The position vector r and the spatial angular frequency vector K are defined by
The auto-correlation function is given by the Fourier transform of the spectral density function as follows:
We summarize three types of spectral density functions for numerical simulations.
Gaussian type of spectrum:
The spectrum density function is defined by (5) where cl x and cl y are correlation length in x-and y-directions, respectively. The auto-correlation function is given by (6) 2. N-th Order Power-Law Spectrum:
The spectrum density function is given by
, .
where Γ(N) is the Gamma function and N > 1 is assumed. The auto-correlation function is given by (8) 3. Exponential Spectrum:
The auto-correlation function is given by (10)
Discrete spectral density function
In this paper we use the 2D DFT in the form F = DFT(f) and the array components are calculated as follows: (11) where N x and N y are truncation numbers in x-and y-directions, respectively. The inverse DFT is expressed as f = DFT Ϫ1 (F) and the array components are calculated as follows: (12) 
Assuming the length of the 2D RRS to be L x and L y in x-and y-directions, respectively, the discretized spatial angular frequencies are given as follows: (13) where M x = N x /2 and M y = N y /2. Consequently we can constitute an array w as follows: (14) The array components are given by using the spectral density function W(K) as follows: (15) where (16) It should be noted that the DFT of this weighting array corresponds to the autocorrelation function as and this relation is useful for checking the accuracy of the numerical results based on the DFT calculations. Finally we make another weighting array v by extracting square root of eqn (15) as follows: (17) Performing DFT of the array leads to DFT(υ) = V, and this relation will be used as a weighting array of the convolution method described later.
Gaussian random numbers
We consider a random number generator necessary for computer simulations. C programming language provides a function rand(a) which produces a sequence of random numbers ranging in [0, a] [14] . This function enables us to generate a Gaussian random number X in the following way
As a result, we can construct two Gaussian random number sets with zero mean and unit standard deviation as follows:
where N(0,1) indicates the normal distribution, and = 2M x and = M y for X-array and = M x and = 2M y for Y-array. Now we constitute a complex array u = Re (u) + jIm(u) in the following form (20) The real part of the first array is given by 
Convolution Method
We consider the product of the weighting and Gaussian random number arrays in the following form (29) where the array z is also complex. The DFT of the product array is expressed as follows: The array Z is real and it corresponds to the height function as shown by and thus this is the direct DFT method for 2D RRS. Now we discuss the convolution method in relation to the direct DFT method. Applying the DFT convolution theorem to eqn(30) leads to We call this algorithm a convolution method. One of the advantages of the present method is that once the weighting array is computed, we cañ 
generate any size of continuous RRSs because we can choose N x and N y arbitrarily. The other is that we can reduce the size of the weighting array to save computation time when the correlation length of a RRS is small.
INHOMOGENEOUS RRS GENERATION
Based on the convolution method, we can generate inhomogeneous RRSs of which parameters are continuously varied from place to place. We assume that the statistical property of the RRS is such that there exists one type of RRS in one region, another type of RRS in other region and mixed type of RRS in their transition region.
Plate-Oriented Method for Generating Inhomogeneous 2D RRS
Now we assume two rectangular RRS regions denoted by µ and v which have different statistical properties. Then we can define a 2D weighting array as follows: (37) The transition functions and are linearly interpolated between µ and v as follows:
(38) (39) where N x1,2 and N y1,2 are the numbers for the boundaries of the two µ-th and v-th regions.
The above discussion is focused on the rectangular case, but it is worth noting that the present algorithm can easily be applied to other cases such as a circular region. Among the M distances, we can always find the minimum distance (mЈ) at m = mЈ. Then we select the points out of the M representative points which satisfy the following relation: (41) where τ is the distance from an observation point to the bisector of the line from n mЈ to n m calculated by (42) The constant T corresponds to half of the width of the transition region, and its value should be appropriately chosen. We assume that the number of the points satisfying the above relations is MЈ (< M). Now we define the new discrete weighting spectral functions (m) as follows: (43) where (44) When m = mЈ, the weighting function is given by shows that m = mЈ is excluded in the summation. As a result, the final expression for the weighting array of an inhomogeneous RRS at the n-th point is summarized as follows: (46) It is needless to say that the present point-oriented method is more simplified and flexible than the former plate-oriented method.
NUMERICAL EXAMPLES
In this section we show some numerical examples for inhomogeneous 2D RRSs. These numerical examples are not necessarily corresponding to any real situations, but the parameters used are chosen as the values applicable to vegetable fields including a pond. The computation time of the present algorithm depends strongly on the correlation length, because it is proportional to the size of the weighting array as is evident from eqn(15). When we simulate a RRS with a large correlation length, we need much computation time. However, profile of the RRS with a large correlation length becomes very smooth, and the RRS can be approximated by a completely flat ground. Figure  4 shows a 2D RRS generated by the point-oriented method with nine points at n x (i) = 100 + 50 cos(2πi/9) and n y (i) = 100 + 50sin(2πi/9) for i = 1,2, ... , 9 together with the tenth point at the origin n x (10) = 100 and n y (10) = 100. The spectra and parameters are selected as Gaussian spectrum with h = 1.0 and cl x = cl y = 5.0 for i = 1, 2, 3, Gaussian spectrum with h = 1.5 and cl x = cl y = 7.5 for i = 4, 5, 6, Gaussian spectrum with h = 2.0 and cl x = cl y = 10.0 for i = 7, 8, 9, and Exponential spectrum with h = 0.5 and cl x = cl y = 10.0 for i = 10.
CONCLUSION
Based on the convolution method, we have introduced an algorithm to generate inhomogeneous 2D RRSs. Some numerical examples have been shown for 2D RRSs in order to demonstrate the availability of the proposed method. The introduced algorithm can provide us a useful tool to simulate electromagnetic wave propagation along the inhomogeneous RRSs simulating the physical environments composed of several homogeneous RRSs such as desert, vegetable field, sea surface and so on. Consequently, we can deal with a more realistic channel modeling than ever by using the propagation characteristics obtained by the simulations dealing with more complicated natural environments than known before.
Such numerical simulation and channel modeling deserve as a future investigation in relation to wireless sensor networks.An Algorithm for Rough Surface Generation with Inhomogeneous Parameters 
